Abstract Large areas of rainforest in Asia have been converted to plantations, with uncertain effects on soil biodiversity. Using standard metagenetic methods, we compared the soil biota of bacteria, fungi, and nematodes at three rainforest sites in Malaysia with two rubber plantation sites with similar soils and geology. We predicted the following: (1) that the rubber sites would have a lower α-and β-diversity than the rainforest sites, due to the monospecific canopy cover and intensive management with herbicides, pesticides, and fertilizers, and (2) that due to differences in the physical and biotic environment associated with cultivation, there would be distinct communities of bacteria, fungi, and nematodes. However, regarding (1), the results showed no consistent difference in α-and β-diversity of bacteria, fungi, or nematodes between rainforest and rubber plantation sites. It appears that conversion of rainforest to rubber plantations does not necessarily result in a decrease in diversity of soil biota. It may be that heterogeneity associated with the cultivation regimen compensates for loss of biotically imposed heterogeneity of the original rainforest. Regarding (2), as predicted there were statistically significant differences in community composition between rainforest and rubber plantation for bacteria, fungi, and nematodes. These differences could be related to a range of factors including light level, litter fall composition, pH, C and N, selecting a distinct set of soil taxa, and it is possible that this in itself would affect long-term soil function.
Introduction
Tropical rainforests-noted for their diversity and complexity of interactions of macroscopic organisms [1] -are continuously being degraded and converted to different land uses including agriculture and plantations [2] [3] [4] . It is widely considered that land use changes have dramatic effects on soil biodiversity and functioning [5] [6] [7] [8] , possibly including species extinction rates [9] , and negative consequences on ecosystem productivity and sustainability [10, 11] . Forest conversion to rubber plantations leads to loss of biodiversity, depletion of soil carbon [12] [13] [14] , and negative consequences of soil hydrology [15, 16] . Previous studies demonstrated that conversion of primary tropical forests to rubber plantations significantly decreases diversity of plant species [17] , birds [18] , bats [19] , and insects [20] . However, the effect of rubber plantation on soil is still poorly understood [21] . Thus, the estimation of the impact of rubber plantation on soil ecosystems-particularly soil biota-is necessary. Soil microbes are considered to play key roles in soil ecosystems as they stimulate plant productivity, augment water holding capacity, control nutrient mineralization and organic matter decomposition, etc. [22] . Land use change also affects soil carbon content [23] : a recent study [24] conducted in Indonesia, Cameroon, and Peru has demonstrated that conversion of tropical forest to tree cash crop plantations such as oil palm, rubber, and cacao agro- forestry resulted in a decrease of soil organic carbon stock by up to 50 %. Similarly, Blécourt et al. [25] reported the decline of soil carbon stocks by an average of 37 % following the conversion of tropical forest to rubber plantation in southern Yunnan Province, China. Thus, studying the impact of land use change on soil microorganisms may be important to understanding these processes [26] .
The expansion of agro-industrial rubber plantations in the tropics has been considered as a major factor negatively affecting biodiversity and ecosystem services [27, 28] . The rubber tree Hevea braziliensis is native to the humid tropics of Amazonia and has traditionally been cropped in the equatorial zone between 10′N and 10′S in areas with 12 months rainfall [29, 30] . During the last two decades, the world's area of rubber plantation progressively increased by 25 % [31] . Rubber is cultivated in two systems: rubber plantation in intense monocultures, often with high yielding clones, or as jungle rubber which is a complex, extensive form of agroforestry, usually established after swidden agriculture, where rubber trees are grown together with natural secondary forest [32, 33] . The monoculture system for cultivating rubber is overwhelmingly more common. Approximately 97 % of the world's supply of natural rubber is produced in Southeast Asia [34] , with a large proportion supplied by Thailand (31 %), Indonesia (30 %) , and Malaysia (9 %) [35] . Rubber plays an important role in the economy of Malaysia, with around 30 % of foreign exchange coming from this source [36, 37] .
One approach to assessing the impact of land use change on soil ecosystems is by analyzing the patterns of microbial communities (e.g., bacteria, fungi, nematodes) [38] . Most of the studies on the impact of land use changes on composition and diversity of soil microbes in Southeast Asia are associated with tropical forest logging and oil palm plantations [39] [40] [41] . Two recent studies in southwest Sumatra have showed that soil prokaryotic community structure is influenced by the lowland rainforest transformation to jungle rubber [42, 43] . However, these studies did not include soil fungi and nematode in their study. Therefore, the objectives of this study were to use the metagenetic approach to assess how strongly soil microbial (bacteria, fungi, and nematodes) composition and diversity may be impacted by long-term conversion to rubber compared to tropical rainforest by studying soil. As there is no possibility of a Bbefore^study (the forest conversion occurred many decades ago-long before DNA sampling of soil became possible-and rubber takes 20-30 years to mature), we instead sampled an area of natural forest as representing a plausible Bbefore^state, and mature rubber plantation as representing the Bafter^state.
We essentially aimed to test two hypotheses/predictions:
1. That conversion of diverse native rainforest to rubber will result in a soil system with decreased α-diversity of soil microbes, due to the replacement of a diverse native rainforest canopy with a uniform monoculture of a nonnative tree, which is less likely to act as a source of nutrition for soil organisms and disturbs the soil [44, 45] whether these soil organisms are parasites, mutualists or decomposers. We also predicted a decreased β-diversity in rubber plantation compared to the forest, due to the homogeneity of possible food sources, mutualisms or hosts, compared to the higher turnover of large organisms in the tropical forest compared to rubber [46] . 2. That the soil community in rubber plantations will be distinct from that of the original rainforest due to the various selective factors-lack of native tree diversity, presence of an introduced tree species, and the various aspects of the management regimen of the rubber plantation.
Such investigation is an initial step towards understanding the implications of conversion of forest to rubber plantation in terms of biodiversity and community structure, which can lead to further functionally oriented studies of impacts. Understanding changes in community structure may also have implications for the prospects of restoring the system to rainforest in the future, if desired. If relatively few of the major bacterial, fungal, and nematode members of the soil system are apparent in the rubber plantations, this may mean that either substantial changes in soil conditions or deliberate attempts at reintroduction might be necessary to restore the original functioning ecosystem.
Materials and Methods

Site Description and Soil Sampling
Soils were collected in April 2014 from five sites in Malaysia. We sampled three sites located within tropical rainforest and two sites located in a large rubber plantation. We chose areas of old growth rainforest and rubber plantation in the Klang Valley area of Malaysia. We chose two rainforest sites on similar geology (Klang Valley Granite) to the rubber plantation sites, with similar soil category (Ultisol), texture (sandy clay), and slope angle (20 %). Intact old growth rainforest in the southern half of the Malay Peninsula is now very limited in area, restricting the possibilities for choosing sites. These two rainforest sites were in the forest reserve at the Forest Research Institute of Malaysia, at Kepong near Kuala Lumpur. As this is now surrounded by secondary forests, oil palm, and suburban housing, for rubber plantation we chose another separate locality some 10 km away on comparable geology and soils. Our third rainforest site was located in an area of limestone forest 50 km from the rubber sites at Port Dickson.
Rainforest Sites
FRIM sites: the two FRIM rainforest sites were separated by about 1 km. FRIM1 site was located at 03°14′17.07″N, 101°57′82″E, 112 m elevation and FRIM2 site was located at 03°14′21.97″N, 101°37′63″E, 120 m elevation. The original primary forest was subject to some logging during the early 1940s, but has now recovered to a diversity and structure resembling primary forest, with many large dipterocarp and other trees. The FRIM sites have a true tropical equatorial climate, with rainfall (ca. mean annual precipitation (MAP) 2600 mm) exceeding potential evapotranspiration in all months of the year, and peaks in rainfall in March and October. The mean annual temperature (MAT) is 26.5°C, with only 0.1°C variation in the monthly mean temperature during the year. At both FRIM sites sampled, the soil is a red ultisol developed over the Klang Valley Granite (Source, Geological Map of Peninsular Malaysia: Peta geologi semenanjung Malaysia, Malaysia. 8th Edition (1986). Jabatan Penyiasatan Kajibumi), a coarse-grained granite. Both sites were situated on approximately a 20 % slope angle. FRIM site 1 is located in a stand dominated by mature dipterocarps. FRIM site 2 is within a more mixed stand containing both dipterocarps and other types of trees.
The third sampling site (PD) was located in the forest in the Tangjun Tuan reserve (02°30′00″ N, 101°52′00″ E), 40 m elevation at Port Dickson at about 60 km from Kuala Lumpur. Climatically, the Tanjun Tuan site is similar to but slightly drier than FRIM, with MAP of 1980 mm (precipitation exceeding or equaling evaporation in all months) and a MAT of 26.6°C. This site is true primary rainforest, never having been logged. It is rich in large dipterocarp trees, notably Shorea leprosula. The forest is developed over a dolomitic limestone hill, although surface soils are acidic due to leaching of the clay derived from weathering the limestone. Samples were taken on a site with around 20 % slope angle.
Rubber Plantation Sites
The two rubber plantation sites, also separated by about 1 km, were located about 10 km away from the FRIM site. These are as follows: Rubber1 site, located at 2°44′40.99″N, 101°47′ 22.96″E, 67 m elevation and Rubber2 site, located at 2°44′ 38.05″N, 101°47′22.01″E, 70 m elevation. Soil pH in the sample area around 5, it is a sandy clay loam soil containing about 68 % sand, 30 % clay, and 2 % silt. At time of sampling, both plantations consisted of a monoculture of mature rubber trees, under private ownership by local farmers (since time of sampling, these sites have been converted to young oil palm plantation). As with the FRIM sites, the soil is a red ultisol, developed over the Klang Valley Granite (Source: Geological Map of Peninsular Malaysia: Peta geologi semenanjung Malaysia, Malaysia. 8th Edition (1986) Jabatan Penyiasatan Kajibumi). Due to its proximity, the climate is assumed to be very similar to the FRIM sites. The plantation sites consist of mature rubber trees, spaced in rows about 5 m apart, with an understory of mainly herbaceous weeds, kept down by regular herbicide spraying and cuttings.
Soil Sampling
At all sites, we sampled on an interrupted grid (Fig. S1 ). The basic sampling unit was a 1 m × 1 m quadrat, and the quadrats were separated from one another by a minimum of 20 m. Five quadrats were sampled on each grid. Within each quadrat, there are five equal subsamples (approximately 50 g) of bulk soil from the top 10 cm, sampled using a small trowel marked to 10 cm depth underneath the litter layer. Since the highest microbial density and activity are observed near the surface [47, 48] , this is a more accurate representation of microbial communities inhabiting soils. The quadrats and sampling grid were arbitrarily located with respect to tree roots, the only criterion being the geometry of the grid = except where a sample point fell directly onto a large root or woody stem, in which case it would be moved several centimeters to the side of the root/stem. Within each 1 m 2 quadrat, some samples would likely be closer to tree roots than others, but the five subsamples per quadrat were mixed into one composite sample-which in effect integrates spatial heterogeneity. The samples analyzed here are from bulk soils. After gently removing the surface moss, leaves, and stones, the five subsamples from within each quadrat were combined into one plastic bag, which was then transported to the laboratory for DNA extraction within several hours.
Soil Analyses
Total nitrogen, total carbon, pH, and soil texture were measured at the Centre of Tropical Soil Studies, Department of Land Management, Faculty of Agriculture, Universiti Putra in Malaysia.
Leaf Litter Study
In the context of interpreting the soil biota results, we include here results from an earlier unpublished study which compared leaf litter of rainforest and rubber plantations in the same areas. This included five rainforest sites and five rubber plantation sites in the Klang Valley area, including two sites at FRIM which were approximately the same areas as FRIM1 and FRIM2 in the present study (Table S1 ). In each case, leaf litter samples were taken from a 1-m 2 area, depth measured and approx. 100 g of leaves (from the full depth of the leaf litter profile) picked up from five points with each 1 m
DNA Extraction
All samples were transported to the laboratory in Universiti Putra Malaysia for DNA extraction. At the laboratory, combined soil amounting to 1 kg was gently homogenized. We separately extracted DNA from the five quadrat samples on the interrupted grid at each site, using 0.5 g of the mixed 1 kg soil from each bag to extract DNA for bacteria and fungi. One hundred grams from each mixed 1 kg soil sample was used to extract active soil nematodes with the Baermann Funnel technique at 24°C [49] . Nematodes were collected from the base of the funnel after 24 h. All soil DNA was extracted using the Power Soil DNA extraction kit (MO BIO Laboratories, Carlsbad, CA, USA) following the protocol described by the manufacturer.
PCR Amplification
For bacteria, the extracted DNA was amplified using the primer pair Bakt_341F (5′-CCTACGGGNGGCWGCAG-3′) and Bakt_805R (5′-GACTACHVGGGTATCTAATCC-3′) targeting the V3 and V4 hypervariable regions of the bacterial 16S rRNA gene.
Fungal internal transcribed spacer (ITS) region 1 w a s a m p l i f i e d u s i n g I T S 1 F ( 5 ′ -C T T G G T C A T T T A G A G G A A G T A A -3 ′ ) a n d I T S 2 ( 5 ′ -GCTGCGTTCTTCATCGATGC-3′
) primer pair. The resulting 16S rRNA gene and ITS 1 amplicons were sequenced at Macrogen (Macrogen, Inc., Seoul, Korea), using paired-end (2 × 300 nt) Illumina MiSeq sequencing system (Illumina, USA).
The nematode DNA extracted from the Baerman Funnel method was used as PCR template for amplification of an ∼400-bp diagnostic region, defined by the forward primer NF1 (Caenorhabditis elegans numbering 1226-1250) (5′-4 5 4 A d a p t e r s e q u e n c e -G G T G G T G C AT G G C C G TTCTTAGTT-3′) and the reverse primer 18Sr2b (C. elegans numbering 1567-1588) (5′-454Adapter sequence-MID-TACAAAGGGCAGGGACGTAAT-3′) of the 18S rRNA gene [50] . Purified amplified products were pyrosequenced using 454 GS-FLX Titanium system (Roche) at Macrogen (Macrogen, Inc., Seoul, Korea).
Sequence Processing
Paired-end sequences were assembled using PANDAseq software [51] . After assembly, all the sequenced data were processed using the Mothur pipeline [52] . For bacterial and nematode community analysis, the 16S and 18S rRNA gene sequences were aligned against the EzTaxon and SILVA alignment, respectively. The aligned 16S and 18S rRNA gene sequences were subsequently denoised using the pre.cluster command in Mothur to remove erroneous sequences. For fungal community analysis, the flanking gene fragments were removed from the ITS1 region using ITSx version 1.0.9 [53] . From all the datasets (16S rRNA gene, 18S rRNA gene, and ITS1), the putative chimeric sequences were detected and removed via the Chimera Uchime algorithm contained within Mothur [54] , in de novo mode. The taxonomic classification was performed using Mothur's version of the Naïve Bayesian classifier, using EzTaxon-e database for bacteria, UNITE database for fungi [55] , and SILVA 115 eukaryotic database for nematodes. The ectomycorrhizal (EcM) fungal sequences were identified by matching the fungal taxonomic assignments with known EcM lineages [56] . For 16S and 18S rRNA gene sequences, the operational taxonomic units (OTUs) were assigned in Mothur, whereas for ITS1 sequences, QIIME implementation of UCLUST [57, 58] was used to assign the OTUs. For all sequences (16S rRNA gene, 18S rRNA gene, and ITS1), OTUs were defined with a limit threshold of 97 % sequence similarity for bacteria and fungi, whereas 99 % similarity for nematodes. The entire singleton OTUs were removed from all dataset prior to analysis.
Statistical Analysis
All samples were standardized by random subsampling using the Bsub.sample^command (http://www.Mothur.org/wiki/ Sub.sample) in Mothur. The bacterial, fungal, and nematode sequences were rarified to 5000, 4066, and 1666 reads per sample, respectively. Richness, diversity indices, and rarefaction values were estimated using Mothur. To test whether the diversity indices and relative abundance of the most abundant phyla differed significantly between different sites in rainforest and rubber plantation, we used analysis of variance (ANOVA) or Kruskal-Wallis tests for normal and non-normal data, respectively. In case of significant results of ANOVA or Kruskal-Wallis tests, we further used parametric (Tukey's HSD test) or non-parametric (pairwise Wilcox test) post hoc tests, respectively. The Bonferroni corrections were used to assess pairwise comparisons (P < 0.05). We performed a Non-metric multidimensional scaling (NMDS) plot to visualize the change in community composition across different land use, using a Bray-Curtis distance. The OTU abundance data were square root transformed to reduce the contribution of highly abundant OTUs in relation to less abundant ones before calculating Bray-Curtis distance. Then, we tested the difference among different land use types using an analysis of similarity (ANOSIM). Environmental variables (i.e., pH, total carbon, and total nitrogen) for each site were used to assess the relationship of α-diversity with each environmental variable. To test if community composition was structured in relation to any of the environmental variables measured, we used the envfit function in vegan R package.
To estimate β-diversity among rainforest and rubber sites, we followed Anderson et al. [59] and defined β-diversity as the variation in community structure without defining a particular gradient or direction. Therefore, β-diversity was measured as the average distance from group centroid to each sampling site [60] . To test whether β-diversity differed in relation to land use, we used the betadisper function in vegan R package. Moreover, we estimated true β-diversity-which compares the total OTU richness to the average OTU richness-following Whittaker [60] in [61] for each land use. Pairwise comparisons were performed using Post-hoc Tukey tests. All the statistical tests and graphs were generated in R package version 3.0.1.
Results
Taxonomic Classification and Abundance
We obtained 125,000 quality bacterial sequences in total from the 25 soil samples, which were classified into 28,014 OTUs at 97 % similarity level. On average, each individual sample was represented by 5000 classifiable bacterial sequences. At the phylum level, there were nine major bacterial taxa present within most of the soils. The most abundant bacterial groups were the Acidobacteria (40 %), Proteobacteria (35 %), Verrucomicrobia (7 %), and Chloroflexi (6 %) (Fig. 1a) . The relative abundances of the different phyla significantly varied between different sites, but only the relative abundance of Proteobacteria was significantly greater in the three sites in rainforest than in rubber plantation soils (F 4,20 = 14.4, P < 0.001). However, the relative abundances of Chloroflexi was significantly higher in rubber plantation samples compared to rainforest samples (F 4,20 = 25.52, P < 0.001). Acidobacteria was the most abundant phylum and was found in roughly the same proportion across rainforest sites and rubber plantation sites (F 4,20 = 9.25, P = 0.002). In Tukey pairwise comparisons, all P values were less than 0.05.
A total of 703,234 quality sequences, with a read coverage ranging from 4810 to 63,337 fungal sequences, were classified into 4066 OTUs at 97 % similarity level. The Ascomycota represented the most dominant group representing 29 % of the total fungal sequences detected in this study, followed by the Basidiomycota (22 %). The remaining taxa included basal fungal lineage (∼2 %) and Chytridiomycota (<1 %). Around 49 % of the detected sequences were unclassified (Fig. 1b) . The relative abundance of Ascomycota was significantly varied between different sites (F 4,20 = 8.05, P < 0.001; Fig. 1b) , with the highest abundance was observed at Rubber1 site. However, the abundance of Basidiomycota was significantly higher in rainforest samples compared to rubber plantation soils (X 2 (4) = 17.62, P = 0.001; Fig. 1b) .
Around 124,419 sequences belonged to known groups of EcM fungi, with the EcM fungi representing around 18 % of the total detected fungal sequences. The relative abundance of EcM sequences was significantly different across different sites (X 2 (4) = 17.30, P = 0.001), with highest relative abundance observed in FRIM1 (Fig. 2) . From our soil samples, Russula was the most dominant EcM fungi with about 40 % of total EcM sequences. The relative abundance of Russula was significantly higher in FRIM1 site (X 2 (4) = 19.79, P < 0.001).
Out of 25 samples, we obtained 2178 nematode OTUs at ≥99 % similarity from a total of 46,276 quality sequences ranging from 552 to 3952. Nematodes represented 48 % of the total metazoan sequences recovered in our study (Fig. 1c) , with no significant difference between different sampling sites (F 4,20 = 1.68, P = 0.19). The most abundant families in terms of reads were Cephalobidae (20 %), followed by Rhabditidae (9 %), Dorylaimidae (8 %), Prismatolaimidae (5 %), Xiphinematidae (5 %), Plectidae (4 %), Aphelenchidae (3 %), Qudsianematidae (2 %), Tylenchidae (2 %), etc. Of these nematode families, Xiphinematidae, Prismatolaimidae, Plectidae, and Qudsianematidae were significantly greater in rainforest compared to rubber plantation, whereas Fig. 1 Relative abundance (%) of a bacterial phyla; b fungal phyla; and c metazoan phyla among Malaysian rainforest and rubber plantation sites, based on total sequence reads Dorylaimidae was significantly more abundant in rubber plantation sites than in rainforest sites (all P < 0.05; Fig. S2 ).
In the present study, the most abundant nematode family was Cephalobidae with approx. 20 % of total nematode reads. They were significantly higher in the PD site compared to rubber sites and FRIM sites (F 4,20 = 7.81, P < 0.001). However, Rhabditidae was significantly higher in FRIM sites compared to rubber plantation sites and PD site (X 2 (4) = 11.70, P = 0.01) (Fig. S2) . These most abundant nematode families belonged to bacterivorous trophic group which was the most abundant trophic group in the present study, representing 40 % of all nematode reads. Land use difference (forest vs rubber) had a significant effect on almost all detected nematode trophic groups except for bacterivores (X 2 (4) = 7.2, P = 0.12) and fungivores (X 2 (4) = 5.12, P = 0.27). Herbivores were significantly higher in the three rainforest sites than in both rubber plantation sites. Nevertheless, omnivores and root parasites were significantly greater in both rubber plantation sites compared to rainforest sites (Fig. 3) .
Soil Community α-Diversity
Statistical analysis of bacterial α-diversity showed a difference between rainforest and rubber plantation sites. One of the three rainforest sites (FRIM2) had significantly greater richness/diversity compared to the other two sites (Fig. 4a) . There was also no significant effect of land use change on fungal α-diversity, whereas OTU richness significantly differed between rainforest and rubber plantation sites (X 2 (4) = 12.45, P = 0.01), with FRIM2 site having the greatest OTU richness (Fig. 4b) . Furthermore, statistical analysis of nematode α-diversity showed no effect of forest conversion to rubber plantation on OTU richness, nor α-diversity indices (Fig. 4c) .
Soil Parameters
Statistical analysis of soil parameters showed that forest conversion to rubber plantation had a significant effect on soil parameters, with rubber plantation soils having lower carbon and nitrogen contents and higher pH compared to forest soils Table S2 ).
Soil Community Composition
NMDS showed that the assemblages of bacteria (ANOSIM Global R = 0.64, P = 0.001), fungi (ANOSIM Global R = 0.89, P = 0.001), and nematodes (ANOSIM Global R = 0.91, P = 0.001) clustered separately between the two different land use types. There was also a tendency for the communities of the three groups of soil biota in each sampling site (in both rainforest and rubber plantation) to cluster separately from one another (Fig. 5) . The envfit function in R showed that pH, total carbon, and total nitrogen were statistically significant as a structuring factor in the bacterial (Fig. 5a), fungal (Fig. 5b) , and nematode (Fig. 5c ) community compositions in the different study sites (Table S2) .
Microbial Community β-Diversity
The β-diversity, measured as the average distance of all samples to the centroid in each sampling site, differed between individual sites but showed no consistent difference with land use (all P < 0.05), with FRIM2 and Rubber2 sites having higher β-diversity for bacteria, FRIM1 site having the higher β-diversity compared to the other sites for fungi, and PD site having the greatest β-diversity among different sites for nematodes (Fig. 6) . Similarly, Btrue^β-diversity, which compares the total OTU richness in relation to the average OTU richness for each site, was significantly different between sites, but did not vary consistently in relation to land use, for bacteria and fungi (Fig. 7) . However, nematode Btrue^β-diversity did not differ between different sites (F 4,45 = 2.30, P = 0.07).
Given the level of variability seen, it is difficult to gauge how many replicate sites would be necessary to a more confident comparison of land use effects on beta diversity. Based upon general experience, we would suggest at least six replicate sites for each land use category would be ideal [39] [40] [41] . In fact, the results showed no consistent difference in α-diversity of bacteria, fungi, and nematodes between rainforest and rubber plantation sites, with more variability within each land use type than difference between the land use types.
Although based on only three sites from forest and two sites from rubber plantation, it appears that the rubber plantation environment is not necessarily as inimical to diversity as might be supposed. Even though there is a strong difference in the community composition of the soil biota between the land use types (see next section), it appears that diversity from the forest can be replaced by similar levels of diversity in the rubber plantation. However, there is clearly a strong site dependence in this because diversity levels varied strongly between different sites.
Also contrary to the prediction, there is no evidence of a consistent difference in β-diversity for any group (bacteria, fungi, or nematodes) between rainforest and rubber plantation. This is surprising, given structural and taxonomic uniformity of the plant cover in a rubber plantation compared to rainforest. It may be that heterogeneity associated with the cultivation regimen (e.g., soil disturbance from tractors, patchiness in spraying and cutting of weeds, and in distributing fertilizer [62] ) can compensate for loss of biotically imposed heterogeneity of the original rainforest. Studies of soil bacterial and fungal diversity in Malaysia with conversion of forest to oil palm have likewise shown either a lack of any change in α-diversity and an increase of β-diversity [40] , or a decrease in both α-and β-diversity [39] . However, a study of the effects of rainforest conversion to rubber on nematode diversity at Xishuanbanna in southwest China has shown that α-diversity was decreased in rubber plantations [63] . Another finding of the effect of the conversion of tropical forest to rubber plantation in the same study site in southwest China has shown both α-and β-diversity of all small metazoans combined were affected with rubber plantation having lower α-diversity and higher β-diversity (Singh et al., unpublished). Conversely, in Amazonia there was an increase of α-diversity and a decrease of β-diversity of soil bacteria following forest conversion to pasture [55] . A recent study in Southwest Sumatra, Indonesia [43] , found a higher α-and β-diversity of the soil prokaryotic communities (bacteria and archaea) in managed land use systems compared to rainforest. Our findings add to an overall picture that forest conversion to agriculture/plantation does not necessarily decrease soil biota diversity.
Empirically, these results seem to show that in terms of conserving soil biological diversity, a plantation crop environment can be as effective as native rainforest. However, it is important to bear in mind that the community that appears in the plantation soils is distinct from that in the rainforest (see below). As well as possible functional differences which might impact ecosystem stability, it is possible that the assemblage associated with plantations is more homogenous at the broad spatial scale-resulting in lower overall diversity being conserved in these systems. As predicted, there were statistically significant differences in communities between rainforest and rubber plantation in terms of bacteria, fungi, and nematodes. While the samples from the forest sites cluster quite separately from one another, the samples of the rubber sites cluster very closely. This suggests that the conditions of a rubber plantation may select a relatively distinct and uniform set of taxa. Venn diagrams (Fig. 8) show that there is a fairly small proportion of OTU overlap between bacterial, fungal, and nematode communities of rainforest and rubber, respectively, compared to the numbers of OTUs confined to each.
Various factors might hypothetically produce different soil communities in a rubber plantation compared to forest, including fertilizer use, weeding and cutting of undergrowth, and pesticides including weedkillers, which are all a regular part of rubber cultivation [64] . Additionally, differences may partly be attributable to the fact that this is a monoculture of a nonnative tree species [62] . The leaf litter thickness, pH, and N content also tend to differ in rubber plantation compared to forest (Table S1 ). Leaf litter is a source of organic matter and ions to the soil underneath, and insulates against temperature and moisture changes [65] . Any of these factors may be expected to affect the composition of the soil community.
In an earlier study, when rubber cultivation was compared to the original native forest, it has been shown to change the nematode community composition in Xishuangbanna, southwest China [63] . Likewise, distinct communities of bacteria and fungi were found between forest and oil palm plantation in Borneo [39] [40] [41] .
Bacteria are so diverse taxonomically and functionally that it is often difficult to attribute a function to any particular OTU or higher level group. It is clear that a similar range of phyla are present in both forest and rubber sites, which Proteobacteria and Acidobacteria predominating. The rainforest sites had higher abundance of Proteobacteria, whereas rubber plantation sites had higher Chloroflexi. These findings are in agreement with previous studies comparing forest and plantation environments [40, 41] which found higher abundances of Proteobacteria in forest and Chloroflexi in oil palm agriculture. For Alphaproteobacteria and Betaproteobacteria, there is clear evidence of copiotrophy Fig. 7 Community true β-diversity among different sites in Malaysian rainforest and rubber plantation sites for a bacteria; b fungi; and c nematodes. Boxes show the lower quartile, the median, and the upper quartile. Pairwise comparisons are shown; different letters denote significant differences between groups at P < 0.05 f r o m o t h e r s t u d i e s [ 6 6 , 6 7 ] . I n o u r s a m p l e s , Alphaproteobacteria constitute the bulk (around 80 %) of the total Proteobacteria reads, largely account for the greater total abundance of Proteobacteria in the rainforest. Thus, the greater total abundance of Proteobacteria in the rainforest sites may be explicable in terms of more copiotrophic conditions there. However, the higher abundance of Chloroflexi in rubber plantation might be due to the more open canopy in rubber plantation soils which are more exposed to sunlight than rainforest [41, 68] .
In this study, the contrast for fungal community composition (Fig. 1b) suggests that conversion of forest to rubber plantation results in a decrease in the relative abundance of Basidiomycota and an increase of Ascomycota in rubber plantation. These findings are consistent with the study of Kerfahi et al. [39] , where they found that the lower abundance of Basidiomycota in oil palm soils may be due to the relative lack of coarse woody debris and leaf litter in oil palm plantations. The increase in Ascomycota may be due to the relatively lignin-poor and nutrient-rich character of most of the organic matter reaching the soil from roots and leaves of oil palm, and from the herbaceous weedy layer that grows under the oil palm trees. Likewise, in a rubber plantation, there is little woody debris and a strong input of lignin-poor material from the herbaceous understory layer. Comparison of leaf litter under rainforest and rubber in Malaysia (Table S1) shows that under rubber the leaf litter is poorer in N and lignin, and also forms a thinner layer which may suggest more rapid decomposition. This would be expected to favor Ascomycota at the expense of Basidiomycota which contain many lignin decomposers and other specialists on recalcitrant substrates [39] . If one looks selectively at a group of fungi known to contain many lignin decomposers, the Polyporales [39] , these are in fact more abundant in the rainforest sites than in the rubber plantation sites (X 2 (4) = 16.75, P = 0.002). However, Polyporales represent only 1 % of total fungal reads, and thus are a relatively minor component of the total community. This presumably reflects that while they are more important above ground in decomposing wood and leaf litter, there is little direct input of lignin to the soil.
One would tend to expect lower abundance of Basidiomycota under rubber due to a lack of EcM fungi, since rubber does not form an EcM symbiosis-in contrast to the abundant dipterocarp trees in SE Asian forests [56, 57, 69, 70] . However, while the rainforest sites are on average richer in EcM than the rubber sites, the abundance is very variable between sites (Fig. 2) . The relative abundance of ectomycorrhizal (EcM) fungi-especially Russula-is particularly high in one of the three forest sites, FRIM1 (Fig. 2) . We suspect that its abundance is related to the tree community present in that exact location. The FRIM1 site is located within a large mixed-species stand of mature Shorea sp. and Dipterocarpus sp. (both dipterocarps), which may explain the greater abundance of Russula there (Jonathan M. Adams, personal observation). The lower abundance of EcM at the other two rainforest sites (FRIM2 and Port Dickson) may reflect the subtleties of the local tree composition of the forest, as the area consists of more mixed forest containing both dipterocarp and non-dipterocarp trees (Jonathan M. Adams, personal observation).
In terms of nematode feeding groups, there are also some discernible differences between the forest and rubber sites. Predatory nematodes (classified by the system of [71] ) were in average significantly more abundant in forest sites than both rubber sites. By contrast, root parasites were significantly more abundant in the two rubber sites than the three forest sites. It is unclear why these guild differences between land uses may occur. It is possible that frequent disturbance of the rubber plantation environment as a result of cultivation management results in fewer higher level trophic interactions in the soil biota, with specialized predatory nematodes being less common. By contrast, very high abundances of a limited range of plant species in the rubber plantation may result in root parasitic nematodes building up to very high densitiesespecially if predatory nematodes are less abundant. Nevertheless, the fact that all feeding groups persist in the rubber plantations suggests the possibility of long-term sustainability of this system.
Has Conversion from Forest Rubber Plantation Affected Ecosystem Function and Sustainability?
It has long been suggested that depletion of diversity results in decreased stability of ecosystem function, partly as a result of the loss of essential functions involved in production and in recycling of nutrients, partly as a result of fewer checks and balances on population growth due to simpler food webs [72] [73] [74] . There is no evidence from this study that conversion from forest to rubber plantation depletes diversity of soil microorganisms. As there is wide variation in diversity indices between the individual sites, it is possible that this inter-site variation masks a trend which would be clearer if more sites had been sampled. Nevertheless, it is clear that there is no overwhelming and consistent effect of the rubber cultivation regime-as compared to forest-on the range of broad level functional groups of organisms present.
Comparing the communities of the two types of land use, there is clearly a wide taxonomic diversity and a wide range of functional guilds in both environments for the studied microbial groups. While other differences exist in the community structure between the forest and rubber plantation sites, it is unclear whether they would have any implications for the stability of the system. All major feeding guilds of nematodes persist in the rubber plantation sites (Fig. 3) , as do a range of other microbial phyla including groups noted for mutualisms or N-fixation. For example, the lower abundance of Basidiomycota in the rubber plantation may simply be a product of the lack of lignin-rich debris (lack of large branches, and lower lignin content in rubber leaves), rather than any meaningful indicator of ecosystem stability. The lack of input of lignin-rich debris might have implications for long-term stability of soil carbon content, but this is altogether another question that would require separate investigation.
Could Rubber Plantation Sites Be Rehabilitated as Rainforest?
Another relevant question is whether, if priorities changed, the rubber plantation sites have the potential soil diversity to be restored as a functioning forest ecosystem. Despite the overall differences in community structure, it is clear that a wide range of groups of nematodes, bacteria, and fungi are present in the rubber plantation soils, which suggests that the necessary diversity of a rainforest environment might still be in place in rubber plantation soils. Despite the lack of dipterocarps, EcM taxa do persist in the rubber plantation soils, including species of Russula. These might be existing saprotrophically, or forming mutualisms on some unidentified understory plant in the rubber plantation, but they do seem to show that a reservoir of potential EcM fungi persists in the plantation environment. In the long run, these might provide a reservoir of EcM for re-establishment of dipterocarps if the plantation was restored to rainforest.
However, as Fig. 8 illustrates, there is a relatively low proportion of overlap in OTU composition between rainforest and rubber sites, a difference which might have long-term functional implications for efforts to re-establish rainforest in former rubber plantation sites. If any key types of soil organism are missing (and it is hard to know which these might be), rainforest may be much harder to reestablish-perhaps requiring soil to be brought in deliberately from old growth rainforest environments.
Conclusions
With no evidence of consistent differences in α-and β-diversity between the two land use types, it does not appear that the rubber plantation soil ecosystem is drastically Bdamaged^or Bdepletedb y conversion from forest. In the rubber plantation, much as in forest, there is a range of functional nematode, bacterial, and fungal taxonomic groups and guilds. This appears to be broadly reassuring for the long-term sustainability of the soil ecosystem under rubber, and the suitability of the land for forest restoration by replanting, although other dimensions of the soil system (recycling of nutrients, erosion rates, etc.) would also need to be measured to be certain that land use conversion has not affected them.
A fundamental assumption of this study has been that the three intact forest sites studied here are representative of the Bbefore^state of the rubber plantation sites. It is important to bear in mind that it is possible that there are various subtle underlying environmental differences between the sites, such that the rainforest sites we sampled do not necessarily represent the exact Bbefore^state of the two rubber plantation sites. There are many local factors that might have added to or suppressed the differences between the rainforest and rubber plantation sites, although given the similar soil, geological, and slope conditions, it is reasonable to suppose that the forest sites broadly resemble the state of the rubber plantation area before conversion several decades ago. Although two of the forest sites are in a similar soil type and texture to the rubber plantation sites (ultisols over granite, on gentle hill slopes), subtle details of soil chemistry and depth is an additional source of uncertainty that can only be eliminated by more extensive sampling. Further and more extensive studies to investigate the long-term effects of land use change to rubber plantation on soil communities and thereby ecosystem functioning such as nutrient cycles are warranted.
